The Dictyostelium discoideum gelation factor is a two-chain actin-crosslinking protein that, in addition to an N-terminal actin-binding domain, has a rod domain constructed from six tandem repeats of a 100-residue motif that has an immunoglobulin fold. To de®ne the architecture of the rod domain of gelation factor, we have expressed in E. coli a series of constructs corresponding to different numbers of gelation factor rod repeats and have characterised them by chemical crosslinking, ultracentrifugation, column chromatography, matrix-assisted laser desorption ionisation (MALDI) mass spectrometry and NMR spectroscopy. Fragments corresponding to repeats 1-6 and 5-6 dimerise, whereas repeats 1-5 and single repeats 3 and 4 are monomeric. Repeat 6 interacts weakly and was present as monomer and dimer when analysed by analytical ultracentrifugation. Proteolytic digestion of rod5-6 resulted in the generation of two polypeptides that roughly corresponded to rod5 and part of rod6. None of these polypeptides formed dimers after chemical crosslinking. Stable dimerisation therefore appears to require repeats 5 and 6. Based on these data a model of gelation factor architecture is presented. We suggest an arrangement of the chains where only the carboxy-terminal repeats interact as was observed for ®lamin/ABP280, the mammalian homologue of gelation factor.
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The cellular properties of actin, such as cytoskeletal architecture and plasticity, cell motility and phagocytosis, are marshalled by a range of speci®c actin-binding proteins. These proteins can, for example, modulate the degree of actin polymerisation, the extent to which it bundles, and its attachment to membranes and other cellular structures. Many of these actin-binding proteins have been characterised in Dictyostelium discoideum to provide a basis for understanding the role of actin in cellular processes. Crosslinking proteins that link actin ®laments into bundles and networks are important in maintaining the viscoelastic properties of the cytoplasm (Wachsstock et al., 1994; Janssen et al., 1996) as well as in generating cell locomotion in conjunction with motor proteins and proteins that modulate actin assembly (reviewed by Carlier & Pantaloni, 1997; McGough, 1998; Puius et al., 1998; Schleicher et al., 1995; Rivero et al., 1996; Eichinger et al., 1999) .
Dictyostelium has two major F-actin-crosslinking proteins: a-actinin, which is widely distributed across many species, and the 120 kDa-gelation factor (also called ABP-120) which is analogous to vertebrate ®lamin (ABP280). Gelation factor is a two-chain actin-crosslinking protein and consists of an N-terminal actin-binding domain together with a rod domain constructed from six tandem repeats of a 100-residue motif that has an immunoglobulin fold (Noegel et al., 1989; Fucini et al., 1997b) . Dimerisation is crucial to the function of gelation factor and is mediated by interactions involving the rod domains. Electron microscopy of gelation factor (Condeelis et al., 1984) has indicated that it is an elongated molecule, 350(AE30) A Ê long, in which the two chains are arranged antiparallel (Brink et al., 1990) . However, the manner in which the rod domains are organised in the gelation factor molecule has been controversial and a number of different models have been proposed (illustrated in Figure 4 and reviewed by Hartwig, 1995; Fucini et al., 1997b) . In their original analysis of the gelation factor, Noegel et al. (1989) proposed a model in which the two rod domains paired over all six 100-residue motifs. Subsequent analysis of the ABP280-structure (Gorlin et al., 1990) indicated that there might be several ways in which these repeats can interact. Moreover, Bresnick et al. (1990) obtained tryptic digestion data which they took to indicate that the repeats in the rod domain did not overlap completely. Instead they proposed that dimerisation is facilitated by repeats 2 to 6. Based on the structure of rod repeat 4 determined by NMR (Fucini et al., 1997b) , we previously proposed two models where the rod domains overlap completely including the actin-binding domain.
It has not been possible to distinguish between these various models because the size of the gelation factor dimer (approximately 180 kDa) and its elongated and¯exible shape has frustrated direct determination of its quaternary structure. To examine the way in which the repeating modules were arranged in the rod domain of the gelation factor molecule, we constructed bacterial expression vectors containing cDNA corresponding to all six repeats (construct rod1-6; residues 257-857), the ®rst ®ve repeats (construct rod1-5; residues 257-746), the central repeat 3 (rod3; residues 442-556), and the last two repeats 5 and 6 (rod5-6; residues 644-857) and repeat 6 (residues 740-857) (Figure 1 ). Soluble peptides were expressed at high levels in Escherichia coli and puri®ed by anion exchange column chromatography followed by gel ®ltration. SDS-polyacrylamide gel electrophoresis showed molecular masses of 74 kDa for construct rod1-6, 66 kDa for rod1-5, 14 kDa for rod3 and rod6 and 30 kDa for rod5-6, which were considerably higher than the calculated molecular masses of 63 kDa for rod1-6, 52 kDa for rod1-5, 12,4 kDa for rod3 and rod 6 and 22.5 kDa for rod5-6 (Table 1) . However, whole gelation factor also shows unusual electrophoretic mobility (Noegel et al., 1989) and so these unusually high M r values were not unexpected. N-terminal sequence determination (Eckerskorn et al., 1988) con®rmed that the correct material had been expressed.
We used CD and NMR to con®rm that the bacterially expressed proteins had folded. The CD spectrum of native gelation factor showed a minimum at 217 nm and a maximum at 195 nm, with zero ellipticity at 205 nm (Figure 2(a) ), characteristic of proteins with high b-sheet content and low a-helical structure (Noegel et al., 1989) , and indicated that native gelation factor contained 52 % b-sheet structure, with no a-helical structure and 48 % random coil and b-turns. The CD-spectra of bacterially expressed rod1-6 (Figure 2(b) ) and rod1-5 (Figure 2(c)) were similar to that of the intact molecule and indicated that these constructs had folded correctly. For rod4 we observed a minimum at 215 nm and a maximum at 202 nm, for rod6 a minimum at 217 nm and a maximum at 198 nm (data not shown). For rod3, rod4 and rod5-6 we also used 1D NMR spectra to assess folding. All three bacterially expressed polypeptides showed good signal dispersion, indicative of a different frequency of absorption for every nucleus due to its having a different chemical environment (Figure 2(d) ). The gelation factor is a rod-shaped molecule composed of subunits that are arranged antiparallel. The N-terminal 250 amino acids of each monomer contain the structural motif necessary for actin-binding (ABD). The elongated C-terminal domain contains six tandem repeats of a 100-residue motif. The cDNA coding for the entire rod domain (residues 257 -857) of D. discoideum gelation factor was obtained from full-length gelation factor cDNA clone p1-10 (Noegel et al., 1989) using PCR. The PCR product was puri®ed, digested with SspI and HindIII and cloned into expression vector pT7-7 (Tabor, 1990) to give rod1-6. Rod1-6 was then used to generate rod1-5 (residues 257 to 746), by digestion with NsiI and HindIII and religation after S 1 nuclease treatment. The rod1-5 encoded polypeptide carried at its C terminus two additional residues (Tyr and Arg) encoded by the vector. PCR was then used to generate cDNA corresponding to rod3 (residues 442 -556), rod5-6 (residues 644 -857) and rod6 (residues 740 -857), and the products were digested with NdeI and BamHI and cloned into pT7-7. Rod6 carries ten additional amino acids at its amino terminus which represent the most C-terminal beta strand of rod5 (Fucini et al., 1997b) . These additional amino acids ensured expression in E. coli, whereas a fragment corresponding exactly to rod6 residues was not made in detectable quantities. PCR-generated sequences were con®rmed by DNA sequencing. Generation of rod4 is described by Fucini et al. (1997b) . Expression and puri®cation of recombinant polypeptides was as described by Fucini et al. (1997a, b) .
Analytical ultracentrifugation and chemical crosslinking show that rod domain 6 is necessary for dimerisation
The elution volume of each bacterially expressed rod fragment was determined during puri®cation by gel ®ltration. Each polypeptide eluted as a single peak, but because elongated proteins frequently have an aberrant migration behaviour in gel ®ltration when compared to globular proteins (Noelken et al., 1981; Starr & Offer, 1983) , we also used analytical ultracentrifugation and chemical crosslinking to establish whether fragments rod1-6, rod1-5, rod3 rod6 and rod5-6 formed monomers, dimers or even higher aggregates. Sedimentation equilibrium measurements yielded M r values in agreement with the theoretical molecular masses calculated from the amino acid sequences for a dimer for the rod1-6 and rod5-6 constructs (Table 1) . However, for the rod1-5 and rod3 constructs, sedimentation equilibrium ultracentrifugation indicated that these molecules existed as monomers in solution (Table 1 ). For rod6 we observed both monomer and dimer. The low tryptophan and tyrosine content of the rod6 construct resulted in its having a very low extinction coef®cient and so it was dif®cult to measure the distribution of material with radius in sedimentation equilibrium runs using optical density. Consequently it was dif®cult to measure the M r accurately for this sample and to determine the ratio of monomer and dimer, although the data were consistent with a mixture of monomer and dimer. Chemical crosslinking with glutaraldehyde was also consistent with only the rod1-6 and rod5-6 constructs existing as stable dimers with all the other constructs existing as monomers. Thus, whereas only monomers were observed with rod1-5 and rod3 after treatment with glutaraldehyde, the rod1-6 and rod5-6 constructs also showed additional material of higher molecular weight which corresponded to dimers (Figure 3 , shown for rod5-6). Treatment with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide did not result in the formation of crosslinked material, probably because the polypeptides lacked appropriately localised residues. The dimeric nature of the rod5-6 construct was further con®rmed by analysing the gel ®ltration elution pro®le of both native and crosslinked material. We found that both native rod5-6 and rod5-6 after crosslinking eluted in a single peak from the gel ®ltration column that had identical retention volumes (Figure 3) . The eluted proteins (fractions eluting with a retention volume of 1.10 ml in each case) were separated on an SDS-polyacrylamide gel. Native rod5-6 migrated with an apparent molecular mass of 30 kDa (Figure 3 , lane 5) whereas for the crosslinked material we observed two protein species in the gel with molecular masses of 30 kDa and 52 kDa (Figure 3, lane 4) , the latter one corresponding to the crosslinked dimer. This indicates that rod5-6 can dimerise in solution. The experimental conditions we used for crosslinking (see legend to Figure 3) were such that not all molecules had been crosslinked during the experiment and therefore monomers in addition to the chemically crosslinked dimers were observed after separation under the denaturing conditions of SDS-PAGE. The identity of the polypeptides with monomers and crosslinked dimers was con®rmed by MALDI mass spectrometry. The native material eluting from the gel ®ltration column had a molecular mass of 22,587, for the crosslinked material which eluted in a single fraction from the column two protein species were observed with molecular masses of 23,705 and 47,422 which corresponded to monomer and covalently crosslinked dimer, respectively.
Chain arrangement in the gelation factor molecule
Our results using a range of deletion constructs indicate that rod repeat 5-6 is able to dimerise Theoretical molecular masses were calculated from the amino acid sequence for the monomer. The experimental molecular masses were obtained by sedimentation equilibrium centrifugation.
Sedimentation equilibrium runs were performed in 20 mM potassium phosphate buffer (pH 7.0), 100 mM NaCl using a Beckman model XLA analytical ultracentrifuge equipped with absorption optics employing rotor speeds of approximately 32,000 rpm for low M r samples and 12,000 rpm for high M r samples. The molecular masses (M r ) were calculated using ā oating baseline program that adjusted baseline absorbance to obtain the linear ®t of L n A versus r 2 (A, absorbance, r, radial distance). An assumed partial speci®c volume (V ) of 0.73 cm 3 g À1 was used and the density and viscosity of the buffer were corrected to 20 C water using the CRC Handbook of Chemistry and Physics, 70th edition. To eliminate concentration effects, several protein concentrations were employed for each construct, ranging from 0.1 to 0.5 mg/ml for rod1-5 and rod1-6 to 2 to 10 mg/ml for rod3, rod4, rod6 and rod5-6. Protein concentration was determined according to Bradford (1976) or by absorption at 280 nm using extinction coef®cients of 29,800 M
The experimental molecular weights obtained by sedimentation equilibrium centrifugation agreed well with the calculated ones for rod1-5 and rod3 indicating that they were present as monomers. For rod1-6 and rod5-6 they were nearly twice as high and agreed well with these proteins being dimers. For rod6 monomers and dimers were observed. This shows that rod6 has the potential to dimerise, however stable dimer formation appears to require interactions with rod5 sequences.
a AE 10 %. ]. The CD spectrum of rod1-6 had a single minimum at 216 nm and a maximum at 202 nm with zero ellipticity at 207 nm, which corresponds to 56 % b-sheet structure, no a-helix and 44 % coil and turns (b). The CD spectrum of rod1-5 has a single minimum at 216 nm, a maximum at 202 nm and zero ellipticity at 207 nm, which corresponds to 56 % b-sheet structure, no a-helix and 44 % coil and turns (c). Samples for CD spectroscopy were dialysed against potassium-phosphate buffer (20 mM, pH 7.0). Spectra were recorded in a 1 mm pathlength cuvette at 20 C at a sample concentration of 0.08 -0.15 mg/ml using a Jobin Yvon Dichrograph Mark IV (Instruments S. A., Longjumeau, France). The amount of a-helix, b-sheet and remainder were calculated using the program CONTIN (Provencher & Glo È ckner, 1981; Provencher, 1982) . (d) NMR spectra of rod3, rod4, rod5-6. Proton 1D spectra were acquired at 33 C using Bruker DRX 600 and DMX 750 spectrometers employing a jump-return read pulse as described (Fucini et al., 1997b) . whereas single repeats 3 and 4 did not. Since rod1-6 dimerises we conclude that rod6 is required for dimerisation but is not suf®cient since rod6 dimers are only detected using the more sensitive method of sedimentation equilibrium centrifugation whereas by gel ®ltration analysis the protein eluted as a monomer (data not shown). Furthermore, because rod1-5 does not dimerise, it is clear that repeat 5 by itself is not suf®cient for dimerisation either. These conclusions are corroborated by tryptic digestion of rod5-6, which resulted in two stable products with molecular masses of 13,214 and 8657. The larger peptide started at position 644 of the gelation factor sequence, which is identical with the start of rod5-6. This polypeptide thus corresponds to repeat 5 with additional sequences from rod6. The smaller polypeptide started at position 776 of the gelation factor sequence and represents a shortened rod6 lacking 25 amino acids at its N terminus. The tryptic peptides eluted at the position of monomers from the gel ®ltration column and do not appear to form stable dimers. When treated with glutaraldehyde they could not be crosslinked into dimers. Taken all data together we conclude that repeat 6 makes a major contribution to dimerisation. This result is inconsistent with previous models for the structure of the gelation factor (see Hartwig, 1995; Fucini et al., 1997b) in which the rod domain of one chain overlaps the rod domain of the other antiparallel chain for all or most of its length (Figure 4(a) and (b) ). Instead, the overlap appears to be restricted to at most the C-terminal third of the rod distal to the actin binding sites. As illustrated in Figure 4 (c), our data indicate that repeats 6 overlap and that repeat 5 contributes to dimerisation to some extent. Although it is not possible from our data to determine the precise interaction geometry responsible for dimerisation, our data clearly cannot be accommodated with any of the previous models in which the interaction took place along all or most of the length of the rod and where repeats 5 and 6 would interact with repeats 1 and 2 and/or the actin-binding domain.
The results we have obtained here also have implications for the orientation of the Ig-like repeat modules. NMR has indicated that these modules probably have dimensions of the order of 17 A Ê Â 22 A Ê Â 48 A Ê (Fucini et al., 1997b) . In earlier models for the structure of the gelation factor Figure 3 . Analysis of chemically crosslinked rod5-6 molecules by gel ®ltration chromatography followed by SDS-PAGE. Elution pro®le of a gel ®ltration column loaded with native rod5-6 and rod5-6 after chemical crosslinking with glutaraldehyde. Inset: SDS-PAGE (12 % acrylamide) of rod5-6 separated by gel ®ltration chromatography. Lane 1, rod5-6 after treatment with 0.01 % glutaraldehyde for 20 minutes as used for gel ®ltration column chromatography; lane 2, rod5-6 as used for the chemical crosslinking experiment and analysis of the elution behaviour of native material; lane 3, molecular weight marker; lane 4 represents the fraction eluting at 1.10 ml of the gel ®ltration column which had crosslinked material applied, lane 4 represents the fraction eluting at 1.10 ml of the gel ®ltration column which had native material applied. Samples were heated to 95 C in SDS loading buffer prior to gel electrophoresis, gels were stained with Coomassie brilliant blue R. Approximately 2.5 mg protein were loaded per lane. Puri®ed recombinant proteins at a concentration of approximately 0.5 mM were crosslinked in 50 mM potassium phosphate buffer, (pH 7.5), with 0.01 % glutaraldehyde (Sigma Chemicals) for 20 minutes at room temperature. Reactions were quenched by 10 mM glycine and freezing the samples in liquid nitrogen. Analytical gel ®ltration employed the SMART System (Pharmacia, Freiburg), using a 40 cm Â 1.5 cm column of Superose 6PC 3.2/30 (Pharmacia) equilibrated in 20 mM potassium phosphate (pH 7.4), 0.02 % NaN 3 , 100 mM NaCl and operated at a¯ow rate of 1.8 ml/hour. BSA (66 kDa), ovalbumin (43 kDa), chymotrypsinogen (25 kDa) and RNase A (14 kDa) were used for M r calibration. The markers eluted at 1.06 ml (BSA), 1.19 ml (ovalbumin), 1.34 ml (chymotrypsinogen) and 1.49 ml (RNase A). Each run used 0.01 ml of approximately 0.5 mM sample.
Architecture of the Dictyostelium Gelation Factor molecule, in which the chains overlapped for most of their length, there would be between four and six repeats along the rod axis, and so the repeats were thought to be arranged so that their long axis was roughly parallel to the axis of the rod domain to give an approximate rod length of 250-300 A Ê , consistent with an overall molecular length of 350(AE30) A Ê observed by electron microscopy (Condeelis et al., 1984) . However, our data now suggest that there must be between 10 and 12 modules along the length of the rod, depending on the precise degree of overlap. Taking the size of the actin-binding domains to be of the order of 30 A Ê (Goldsmith et al., 1997) , such an arrangement would imply an average length per repeat in the direction of the rod of about 25-30 A Ê . In this case, the long axis of each Ig domain should be arranged at an angle to the long axis of the rod. Interestingly it might be possible to change the orientation of the rod domains, potentially imparting some elasticity to the gelation factor molecule, which could be helpful for its function in forming elastic crosslinked actin gels and networks (Janssen et al., 1996; Improta et al., 1998) .
Our data also show that there is greater similarity between gelation factor and ®lamin/ABP280 than had been thought (see, for example, Hartwig, 1995) . Electron microscopy and biochemical analysis has shown that the principal interaction between the two chains of ®lamin/ABP280 occurs in a small region near the molecule's C terminus (reviewed by Hartwig, 1995) , which is analogous to the results of the present study showing that gelation factor's dimerisation is also mediated by a small portion of the rod domain distal to the actinbinding domain. Having the dimerisation domain restricted to a small region distal to the actin-binding domain of both gelation factor and ®lamin would result in the actin-binding domains being widely separated by¯exible arms, which could help ensure ef®cient crosslinking between actin ®laments. Moreover, the stable Ig-based fold established for the repeating motif in these molecules (Fucini et al., 1997b) would allow each chain to be stable without having to dimerise with another chain as seen, for example, in coiled-coils.
We have recently been able to obtain crystals of the rod5-6 dimerising construct (Fucini et al., 1997a) and solving their high-resolution structure should allow determination of the precise manner in which the two chains of the gelation factor interact. However, the present study shows that, contrary to previous models, rod repeat 6 is necessary for dimerisation of gelation factor and that the two rod domains only overlap at a small region distal to the actin-binding domain. Figure 4 . Models for the quaternary structure of the gelation factor. The single rod domains are represented by an ellipse and circles represent the actin-binding domain. The monomers are in grey and black. Earlier models of gelation factor dimerisation are shown in (a) and (b). The protein dimerises in an antiparallel fashion and the rod domains overlap to different degrees. In (c) the results obtained here are taken into account. They favour an interaction at the distal end of gelation factor involving rod6 with some contribution by rod5.
